Background: Fatty acid-induced apoptosis and ER stress of pancreatic β-cells contribute to the development of type 2 diabetes, however, the molecular mechanisms involved are unclear.
Introduction
There is convincing experimental evidence showing that saturated fatty acid exposure (in contrast to unsaturated fatty acids) is detrimental to pancreatic β-cell survival and leads to β-cell apoptosis by still unclear molecular mechanisms [1] [2] [3] .
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Cells and culture conditions
The human pancreatic β-cell line NES2Y [21, 26] was used. NES2Y are proliferating insulin-secreting cells with a defect in glucose responsiveness. Cells were routinely maintained in an RPMI 1640 based culture medium [27] . In experiments, a defined serum-free medium [28] supplemented with stearic acid bound to 2% fatty-acid free bovine serum albumin (BSA) was used [21] . Stock solution containing stearic acid bound to the 10% BSA in the serum-free medium was prepared as described previously [21] and diluted to the required concentration of fatty acid and BSA prior to experiments. Fatty acid/BSA molar ratios used in experiments were lower than the ratios known to exceed the binding capacity of BSA [29] . In some experiments, thapsigargin at a concentration of 1 µM in serum-containing culture medium was used for ER stress induction.
Flow cytometric assessment of cell viability Cells (approximately 5x10
5 cells per sample) were seeded and stearic acid or control media were applied after 24-h preincubation as described above (see "Western blot analysis"). After 18 and 24-h incubation, the percentage of viable, apoptotic and necrotic cells was determined employing flow cytometry and Annexin V-FITC Apoptosis Detection Kit (Abcam, Cambridge, UK) according to manufacturer´s instructions. Apoptotic cells were defined as annexin V-FITC positive cells. Necrotic cells were defined as propidium iodide-positive, annexin V-FITC negative cells.
Western blot analysis
Cells (approximately 1-3x10 6 cells per sample) were seeded and after a 24-h preincubation period allowing cells to attach, the culture medium was replaced by the serum-free medium containing stearic acid or thapsigargin at required concentration or by control medium. After required period of incubation, both adherent and floating cells were harvested and western blot analysis was performed as described previously [8] . All primary antibodies were used in 1:1 000 dilution with exception of anti-CHOP antibody that was diluted 1:500. The chemiluminiscent signal was detected using Carestream Gel Logic 4000 PRO Imaging System equipped with Carestream Molecular Imaging Software (Carestream Health, New Haven, CT, USA) for image acquisition and analysis.
Assessment of XBP1 mRNA splicing
Cells (approximately 1x10 6 cells per sample) were seeded and stearic acid and thapsigargin were applied after 24-h preincubation as described above (see "Western blot analysis"). After 3, 6, 12 and 24-h incubation, the cells were harvested and the splicing of XBP1 mRNA was assessed by RT-PCR as described previously [8, 30] with GAPDH as a housekeeping gene [31] . Cells were seeded onto coverslips (approximately 2 x 10 5 cells per coverslip) and stearic acid or thapsigargin were applied after 24-h preincubation as described above (see "Western blot analysis"). After desired period of induction, coverslips were fixed with 4% paraformaldehyde for 20 min at 37°C. After washing with PBS, cells were permeabilized with 0.1% Tween in PBS for 10 min and blocked with FX Enhancer (Invitrogen-Molecular Probes, Eugene, OR, USA). ATF6 was stained employing primary antibody against ATF6 (Abcam, Cambridge, UK) (1:50 in PBS at 4°C overnight) and AlexaFluor 488-conjugated goat anti-mouse secondary antibody (Invitrogen-Molecular Probes, Eugene, OR, USA) (1:100 in PBS for 2 hour in the dark at room temperature). Stained cells on coverslips were transfered onto a droplet of Vectashield Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA) or ProLong Gold with DAPI (Invitrogen-Molecular Probes, Paisley, UK) and sealed. Samples were analyzed employing a confocal microscope Leica TCS SP5 (Bannockburn, IL, USA) with 63x oil objective at relevant excitation and emission wavelengths.
Confocal microscopy analysis of ATF6 translocation
Inhibition of JNK kinase activity
Cells (approximately 1x10 6 cells per sample) were seeded and after a 23-h preincubation period allowing cells to attach, the culture medium was replaced by the serum-free medium (for stearic acid treatment) or serum-containing medium (for thapsigargin treatment) with JNK inhibitor SP600125 (Enzo Life Sciences, Farmingdale, NY, USA) at desired concentration, or by control medium with the vehiculum Němcová-Fürstová/Balušíková/Šrámek/James/Kovář: Caspase-2 and JNK in Fatty AcidInduced Apoptosis Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry only (DMSO). After 1 h of pretreatment with JNK inhibitor, stearic acid and BSA or thapsigargin were added to achieve the required concentrations. After 18 h and 24 h of incubation the cells were harvested and lysates were prepared for Western blot analysis.
Assessment of the effect of JNK inhibition on growth and viability
Cells were seeded at 2 x 10 4 cells/100 µl of culture media (see above) into wells of 96-well plate. The JNK inhibitor SP600125 and stearic acid were applied in the same way as described in "Inhibition of JNK kinase activity". After 48 h-incubation, the number of living cells was determined by hemocytometer counting after staining with trypan blue.
Silencing of caspase-2 expression by siRNA
For the inhibition of caspase-2 expression, caspase-2 specific siRNA (Applied Biosystems, Foster City, CA, USA) and INTERFERin (PolyPlus-Transfection, Illkirch, France) as transfection reagent, were used according to manufacturer instructions. Nonspecific siRNA (Applied Biosystems, Foster City, CA, USA) was used as negative control. The efficiency of inhibition of caspase-2 expression at the protein level was tested after 72 or 96 h of siRNA treatment in each experiment by Western blot analysis of caspase-2 expression.
For caspase-2 silencing, 1.5 x 10 5 cells were seeded into Petri dishes (Ø 6 cm). After 24 h allowing cells to attach, the media was changed for media containing caspase-2 specific siRNA or nonspecific siRNA at final concentration of 5 nM and INTERFERin transfection reagent at 1:300 dilution. After 72 h of incubation with siRNA, cells were harvested into their cultivation media and seeded in the same media into 6-well plates in concentration of 1 x 10 6 cells/2.5 ml per well. After 24 h allowing cells to attach, the media was replaced by relevant media for the treatment with stearic acid or thapsigargin, containing in addition fresh siRNA and transfection reagent at the same concentration as used for the initial inhibition of caspase-2 expression. Stearic acid-or thapsigargin-induced and control cells were harvested after 6, 18 and 24 h of treatment as described in "Western blot analysis". The level of caspase-2 expression during each experiment was tested after 72 h of induction with siRNA, i.e. at the time of seeding cells for stearic acid or thapsigargin application, and at the end of experiment, i.e. 24 h after the application.
Assessment of the effect of caspase-2 silencing on growth and viability
The experiment was set up exactly in the same way as described in "Inhibition of caspase-2 expression by siRNA", but after 72 h-incubation with siRNA, nontransfected and both caspase-2 siRNA and nonspecific siRNA treated cells were seeded at 2 x 10 4 cells/100 µl of relevant media (see above) into wells of 96-well plate and after 48 h-incubation with stearic acid, the number of living cells was determined by hemocytometer counting after staining with trypan blue.
Statistical analysis
Statistical significance of differences was determined by Student´s t-test. P <0.05 was considered statistically significant.
Results
Assessment of the mode of stearic acid-induced cell death
Our previous studies showed that stearic acid at a concentration of 1 mM induces cell death in most of NES2Y cells within 48 h after stearic acid application. However, apoptotic cells as well as caspase-2 activation appeared within 24 h after the application [8, 21, our unpublished data]. Therefore, all effects were tested until 24 h after fatty acid application. Under the experimental conditions used, application of stearic acid (1 mM) led to apoptosis in 16.2 ± 0.8 % of cells and necrosis in 3.2 ± 0.2 % of cells within 18 h after the application. In corresponding controls it was 2.9 ± 0.1 % and 0.8 ± 0.1 %, respectively. Within 24 h after the application, it led to apoptosis in 28.3 ± 7.6 % of cells and necrosis in 6.3 ± 0.2 % cells. In corresponding controls it was 3.8 ± 0.1 % and 1.6 ± 0.1 %, respectively, as assessed by flow cytometry after annexin V-propidium iodide staining (data not shown).
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Activation of ER stress signaling by stearic acid
We tested the level of expression of molecules known to be involved in ER stress signaling (phospho-elF2a, phospho-JNK, phospho-c-Jun, Bip and CHOP) at 3, 6, 12 and 24 h after stearic acid (1 mM) treatment of NES2Y cells. Interestingly, we found that JNK (IRE1α pathway of ER stress signaling) was phosphorylated and thus activated as early as 3 h after stearic acid application. This activation was accompanied by increased expression and phosphorylation of transcription factor c-Jun, i.e. the target of JNK activity. Phosphorylation of both these molecules lasted until 24 h after the application (Fig. 1 ). Stearic acid also induced early splicing (3 h after the application) of XBP1 (Fig. 2) .
To assess the involvement of PERK pathway of ER signaling, we tested the phosphorylation status of the translation factor eIF2α. Stearic acid treatment resulted in early phosphorylation (3 h after the application) of eIF2α that lasted at least for the first 12 hours of treatment but then decreased to the level comparable with control cells in contrast to the molecules involved in IRE1α signaling, i.e. JNK and c-Jun.
We employed confocal microscopy in order to assess ATF6 translocation to the nucleus after its activation by cleavage, as it has been demonstrated after palmitate application in pancreatic β-cells previously [11] . As a positive control, cells were treated with thapsigargin, a synthetic inductor of ER stress. We were able to detect ATF6 translocation due to stearic acid application as early as 3 h after the application (Fig. 3) . This activation lasted at least 12 h. After 24 h of treatment, the assessment of the extent of ATF6 translocation after stearic acid application was very unreliable due to undergoing apoptosis.
As to the downstream effector molecules we found CHOP expression to be induced 6 h after stearic acid application that lasted for 24 h (Fig. 1) . In contrast, we did not observe any change in BiP level until 12 h of stearic acid treatment. Significant increase in BiP level was detected 12 h and 24 h after stearic acid application (Fig. 1) .
Effect of JNK inhibition on ER stress
We assessed the role of JNK in stearic acid-induced ER stress and apoptosis in NES2Y β-cells employing SP600125, a specific inhibitor of JNK. The concentration of inhibitor, which was necessary for efficient JNK inhibition, was determined by testing the effect of several inhibitor concentrations on the level of phosphorylated c-Jun (data not shown). Němcová-Fürstová/Balušíková/Šrámek/James/Kovář: Caspase-2 and JNK in Fatty AcidInduced Apoptosis Cellular Physiology and Biochemistry
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Using 50 and 100 µM SP600125 together with stearic acid, we achieved 61±5% and 82±7% decrease of phosphorylated c-Jun level, respectively, after 24 h of treatment compared to cells treated with stearic acid alone. Inhibition of JNK activity in stearic acid-treated cells resulted in significant decrease of BiP level after 18 h and 24 h of treatment. However, surprisingly CHOP expression induced by stearic acid was not affected by JNK inhibition (Fig.  4A , only data for 18 h are shown). To determine the role of JNK inhibition in the regulation of BiP expression, we assessed the effect of JNK inhibition on BiP upregulation induced by another ER stressor, i.e. thapsigargin. There was only slight effect of JNK inhibition on BiP expression after 18 h of treatment with 1 µM thapsigargin, however, the inhibitory effect on BiP expression was clearly detectable after shorter period (6 h) of treatment. Similarly to the effect of JNK inhibition after stearic acid application, CHOP expression induced by thapsigargin was not affected by JNK inhibition, (Fig. 5) .
Effect of JNK inhibition on caspase activation and apoptosis induction
We showed previously that caspase-7, caspase-9, caspase-8 and caspase-2 are activated during stearic acid-induced apoptosis in NES2Y β-cells, in contrast to caspase-3. Therefore, we tested the effect of inhibition of JNK activity on activation (cleavage) of these caspases and also on the cleavage of PARP (common marker of apoptosis) after 18 and 24 h of treatment. However, the level of cleaved caspase-7, caspase-9, caspase-8 and PARP and the level of procaspase-2 were not influenced by JNK inhibition during stearic acid treatment (Fig. 4B , only data for 18 h are shown) as well as the cell growth and viability within 48 h of treatment (Fig. 4C) .
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Effect of caspase-2 silencing on apoptosis induction and caspase activation
To assess the role of caspase-2 in apoptosis induced by stearic acid in NES2Y cells, we employed siRNA approach to silence caspase-2 expression. Using caspase-2 specific siRNA, we achieved 81±4% inhibition of caspase-2 expression in the latest time point tested, i.e. 24 h of treatment (Fig. 6A) . First, we assessed the effect of caspase-2 silencing on the growth and viability of NES2Y cells during the treatment with stearic acid. After 48 h of treatment, there was no significant difference between the number of cells with down-regulated expression of caspase-2 and cells treated with control nonspecific siRNA. We also did not observe any significant effect of the transfection procedure per se on the growth and viability of NES2Y cells (Fig. 6B ). Next, we tested the effect of inhibition of caspase-2 expression on PARP cleavage and the activation of caspase-7, -9 and -8. Activation of all caspases tested was readily detectable after 18 h of treatment, however, we did not see any inhibitory effect of caspase-2 silencing on the activation of caspases tested as well as on PARP cleavage (Fig. 7) . 
Effect of caspase-2 silencing on ER stress
We did not detect any effect of caspase-2 silencing on the induction of CHOP expression after 18 and 24 h of stearic acid treatment (Fig. 8 , only data for 18 h are shown). However, caspase-2 silencing led, similarly like the inhibition of JNK activity, to the decrease of BiP upregulation induced by stearic acid treatment for 18 h and 24 h (Fig. 8, only data for 24  h are shown) . Surprisingly, we also found increased level of phosphorylated c-Jun in cells with silenced caspase-2 expression after 6 h, 18 h and 24 h of treatment with stearic acid (Fig. 8 , only data for 6 h are shown). In order to compare the involvement of caspase-2 in the upregulation of BiP expression and c-Jun phosphorylation after stearic acid application (Fig.  8) with the involvement after ER stress induction, we tested the effect of caspase-2 silencing after ER stress induction by thapsigargin. However, we found no effect of caspase-2 silencing on thapsigargin-induced upregulation of BiP expression and c-Jun phoshorylation (Fig. 9) .
Discussion
Our previous studies showed that saturated fatty acids (palmitic acid and, more efficiently, stearic acid) induce apoptosis associated with caspase-2 activation in human pancreatic β-cells NES2Y [8, 21] . These studies also pointed at a possible role of ER stress in apoptosis induction by saturated fatty acids [8] . Thus in this study we decided to test the role of caspase-2 and the ER stress mediator JNK in stearic acid-induced apoptosis of NES2Y cells considering their possible role in ER stress signaling. Němcová-Fürstová/Balušíková/Šrámek/James/Kovář: Caspase-2 and JNK in Fatty AcidInduced Apoptosis Cellular Physiology and Biochemistry
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NES2Y cells respond to fatty acids similarly like primary human β-cells [2, 6, 7, 32] , as we also found in our previous experiments [8, 21] . Thus it may be expected that the responses to saturated fatty acid seen in this study with NES2Y cells are comparable to the effects on human β-cells in vivo. Currently, there is a limited number of studies investigating the effect of fatty acids on ER stress signaling in relation to apoptosis in β-cells of human origin [6, 7, 32] . Moreover, the effect of stearate is studied only rarely despite it appears to be more effective than palmitate in human β-cells [1, 8] .
We demonstrated activation of all known pathways of ER stress signaling, i.e. IRE1α, PERK and ATF6 pathway, by saturated stearic acid at a cell death-inducing concentration (1 mM) in NES2Y cells as soon as 3 h after the treatment. After that we detected upregulation of the expression of ER stress markers CHOP and BiP 6 h and 12 h after the treatment, respectively.
JNK is considered as one of the most possible mediators that connect excessive ER stress with apoptosis induction. However, in human NES2Y cells, inhibition of JNK activity did not lead to significant changes in the level of stearate-induced apoptosis (see Fig. 4C ). In the study of Cunha et al. with rat β-cells INS-1E [6] inhibition of palmitate-induced JNK activation resulted in a partial reduction of apoptosis. In another study with INS-1E cells, JNK inhibition was showed to be anti-apoptotic [18] . In NES2Y cells, JNK activation by stearic acid was accompanied with intensive and fast c-Jun phosphorylation (see Fig. 1A ). However, there are conflicting data concerning the question whether palmitate-induced JNK activation in INS-1E cells also leads to phosphorylation of c-Jun [18, 33] . Therefore it is somewhat difficult to compare the data. Nevertheless, none of the studies showed complete inhibition of fatty acid-induced apoptosis by JNK inhibition. It indicates that some other mediator(s) or pathway(s) different from JNK signaling should be involved in saturated fatty acid-induced apoptosis.
Several lines of evidence indicate that fatty acid-induced activation of JNK in β-cells is very fast and precedes the activation of ER stress response and therefore could not result solely from IRE1α activation [17, 19] . JNK can also be activated by MAP kinase kinases MKK4 and MKK7 and thus its activation by saturated fatty acids can result also from the involvement of signaling pathways that are not related to ER stress induction [16] . Our results do not contradict this hypothesis since we observed full JNK activation after 3 h but splicing of XBP1 reached its maximum at 6 h. To sum up, our data suggest that JNK signaling in NES2Y cells is not a mediator of stearic acid-induced apoptosis regardless of whether its activation is solely the result of ER stress induction or whether also other signaling pathways contribute to its activation.
In rodent cells, the activation of caspase cascade in response to ER stress is initiated by the activation of caspase-12 [34] . However, except of specific population of African descendents, the human population does not possess functional caspase-12 [35] . Several lines of evidence indicate that caspase-2 [22] [23] [24] [25] or caspase-4 [36, 37] could substitute for caspase-12 in human cells but this hypothesis has not yet been tested in pancreatic β-cells. Our preliminary experiments did not point at a significant role of caspase-4 activation in stearic acid-induced apoptosis of NES2Y cells (data not shown). However, we previously identified that caspase-2 was significantly activated by palmitate and stearate in NES2Y cells [8, 21] . Caspase-2 was also shown to play the key role in GTP-depletion-induced β-cell apoptosis [38] . In this study we show not only that caspase-2 is dispensable for fatty acid-induced apoptosis in NES2Y but we also found no influence of caspase-2 silencing on the activation of other caspases previously shown to be associated with stearate-induced apoptosis [8] .
During stearic acid-induced apoptosis in NES2Y cells, in contrast to JNK inhibition, caspase-2 silencing was accompanied by the increased phosphorylation of c-Jun. However, both caspase-2 silencing and JNK inhibition had similar effect on CHOP and BiP expression after stearic acid treatment (see Figs. 4A and 8 ). This indicates that CHOP and BiP expression in NES2Y cells are not regulated by c-Jun. This is consistent with the finding that dimers of transcription factor AP-1 that contribute to CHOP induction by palmitate in INS-1E β-cells are composed preferentially of c-Fos and jun-B, but not c-Jun [33] and the activity Němcová-Fürstová/Balušíková/Šrámek/James/Kovář: Caspase-2 and JNK in Fatty AcidInduced Apoptosis Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry of jun-B is not controlled by JNK-mediated phosphorylation [39] . However, the mechanism mediating the decrease of BiP expression downstream of JNK inhibition (see Fig. 4A ) and the mechanism responsible for increased c-Jun phosphorylation after caspase-2 silencing (see Fig. 8 ) remain obscure. Nevertheless, some regulatory role of JNK in BiP expression is likely, as demonstrated by the decrease of BiP expression by JNK inhibition during thapsigargininduced ER stress (see Fig. 5 ) [40] . Downregulation of BiP expression due to caspase-2 silencing after stearic acid-induced apoptosis (see Fig. 8 ) is unexpected. As we did not observe this downregulation during thapsigargin-induced ER stress, the downregulation by caspase-2 silencing seems to be restricted to specific ER stress stimuli, such as saturated fatty acids. Caspase-2 was shown to be transcriptionally regulated by the sterol regulatory element binding protein 2 (SREBP2) and to participate together with this transcription factor in the activation of endogenous cholesterol and triacylglycerol synthesis [41, 42] . In this way, caspase-2 silencing might be associated with lowering of intracellular lipid levels which could be reflected in turn by the alleviation of ER stress and reduction in BiP expression induced by stearic acid.
Taken together, in this study we assessed the role of caspase-2 and JNK in stearic acidinduced apoptosis and ER stress in NES2Y cells. Stearic acid activates IRE1α, PERK and ATF6 pathways of ER stress signaling. Neither caspase-2 nor JNK activation is involved in apoptosis induction by saturated fatty acids. However, both caspase-2 and JNK modulate stearic acidinduced ER stress in NES2Y cells.
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